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SELF-HYDRATING MEMBRANE ELECTRODE 
ASSEMBLIES FOR FUEL CELLS 

RArKGROTJND QF THE INVENTION 

1. Field of the Invention 

[1] The present invention relates to self-hydrating membrane electrode assemblies 
(MEAs), including MEAs that have been magnetically modified, and to methods of 
manufacture of the same. The present invention further relates to fuel cells diat require only 
a self-hydrating MEA and a source of fuel. 

2. Bacl^round of the Related Art 

[2] A fuel cell is a device that converts die energy of a chemical reaction into 
electricity. It differs from a battery primarily in diat die fuel and oxidant are stored external 
to the cell, which can therefore generate power only as long as die fuel and oxidant are 
supplied. Moreover, unlike secondary batteries, fuel cells do not undergo charge/ discharge 
cycles. 

[3] A fuel cell produces an electromotive force by bringing die fuel and oxidant 
into contact widi two suitable, but different, electrodes separated by an electrolyte. A fuel, 
such as hydrogen gas for example, is introduced at a first electrode, where it reacts 
electrochemically in die presence of die electrolyte to produce electrons and protons in die 
first electrode. 

[4] These electrons are dien circulated from die first electrode to a second 
electrode dirough an electrical circuit connecting the electrodes. Protons pass dirough the 
electrolyte to the second electrode. 
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[5] At the same time as the fuel is introduced to the first electrode, an oxidant, 
such as oxygen gas or air, is introduced to the second electrode, where it reacts 
electrochemically in presence of the electrolyte to consume the electrons that have circulated 
through the electrical circuit and the protons that have passed through the electrolyte. 

[6] The first electrode is therefore an oxidizing electrode, while the second 
electrode is a reducing electrode. Thus, in the case of H2/O2 and H2/air cells, the respective 
half-cell reactions at the two electrodes are: 

(1) H2 ->2H+ + 2e-;and 

(2) V2O2 + 2H^ + 2e- ^ H2O. 

[7] The electrical circuit connecting the two electrodes withdraws electrical 
current from the cell and thus receives electrical power. The overall fuel cell reaction 
produces electrical energy according to the sum of the separate half-cell reactions above. In 
addition to electrical energy, water is formed at the cathode as a byproduct of the reaction as 
well as some heat energy. 

[8] For many practical applications, fuel cells are usually not operated as single 
units due, at least in part, to the relatively low electrical energy produced by individual cells. 
Rather, fuel cells may be connected in a series, stacked one on top of the other, or placed 
side by side. 

[9] A series of fuel cells (referred to as a "fuel cell stack") is normally enclosed in 
a housing. The fuel and oxidant are directed with manifolds to the electrodes, and the 
required cooling (to dissipate the heat energy) may be provided by the reactants or by a 
cooling medium. 
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[10] Also within most common fuel cell stacks are current collectors, cell-to-cell 
seals, insulations, piping, and/or instrumentation. The combination of the fuel cell stack, 
housing, and associated hardware is known as a "fuel cell module." 

[11] Fuel cells may be classified by the type of electrolyte {e.g.^ liquid or solid) that 
they contain. Fuel cells using electrolytes such as the solid polymer membranes referred to 
as "proton exchange membranes" or "polymer electrolyte membranes" (PEMs) operate best 
when the PEM is kept moist with water (PEMs transfer protons more efficiendy when wet 
than when dry). The PEM therefore generally requires constant humidification during 
operation of the fuel cell. 

[12] This humidification has been achieved by adding water to the reactant gases 
{e.g. hydrogen and oxygen or air) that pass by the membrane on each side of the MEA. The 
accessories required for humidification, however, add instrumentation and weight to the fuel 
cell as well as increasing mechanical complexity and reducing output due to parasitic power 
loss (the energy required to heat water for humidification can consume 15% or more of 
power output). 

[13] The PEM used in solid polymer fiiel cells acts both as the electrolyte as well as 
a barrier that prevents the mixing of the reactant gases, a potentially disastrous situation. 
Examples of suitable membrane materials are the polymeric perfluorocarbon ionomers 
generally containing a basic unit of fluorinated carbon chain and one or more sulphonic acid 
groups. There may be variations in the molecular configurations and/or molecular weights 
of this membrane. One such membrane commonly used as a fuel cell PEM is sold by E, 1. 
DuPont de Nemours under the trademark "Nafion." Typically, best fuel cell performance is 
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obtained using these membranes if the fuel cells are operated under fully hydrated, Le, 
essentially water-saturated, conditions. Thus, the PEM must be continuously humidified 
during fuel cell operation. 

[14] There have been other attempts to provide the necessary humifidication to a 
fuel cell PEM, or eliminate the need therefore entirely For example, U.S. Patent No. 
5,318,863 to Dhar discloses solid polymer fuel cells which operate at near ambient 
temperature and pressure without humidification. One such fuel cell employs verj^ thin 
electrodes having a slighdy oversize solid PEM between and in contact with them. The 
PEM has either a low gram equivalent weight or has a higher gram equivalent weight but is 
very thin so as to permit proton transfer at reduced internal electrolyte resistance. This 
decreased internal electrolyte resistance is intended to permit operation of the fuel cell at 
mild conditions without humidification. The use of very thin membranes can permit easier 
conductivity of water due to the shorter transport path length, but such membranes do not 
exhibit long term stability and frequendy permit H2 crossover (which bleeds power). U.S. 
Patent No. 5,242,764, also to Dhar, discloses a fuel cell which employs a solid PEM having 
a central hole between and in contact with the electrodes. 

[15] All of the above described fuel cells and MEAs, however, suffer from one or 
more problems and/or disadvantages that limit their applicability and/or commercial 
potential. Most state-of-the-art fuel cells use MEAs that typically require substantial 
hardware to sustain fuel cell operation. This includes hardware to pressurize, humidify 
and/or heat the fuel cell. This hardware introduces moving parts that substantially 
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complicate the system and dramatically increase the weight and cost, as well as increasing 
mechanical noise, thermal signature and complexity. 

[16] Accordingly, there remains a need in the art for a fuel cell that runs without 
added pressurization, humidification and/or heat, and therefore without any of the 
extraneous hardware of prior fuel cells. 

SUMMARY OF THE INVENTION 

[17] An object of the present invention is to solve at least the problems and/or 
disadvantages described above and to provide at least the advantages described hereinafter. 

[18] Another object of the present invention is to provide self-hydrating 
membrane electrode assemblies (MEAs). 

[19] Still another object of the present invention is to provide fuel cells that mn 
without added pressurization, humidification and/or heat. 

[20] Yet another object of the present invention is to provide methods of making 
self-humidifying MEAs and fuel cells that mn without added pressurization, humidification 
and/or heat. 

[21] In accordance with these and other objects, a first embodiment of the present 
invention is directed to a self-hydrating membrane electrode assembly for fuel cells 
comprising: (i) a cathode comprising an electrically conducting material having a catalytic 
material on at least a portion of a first surface thereof, wherein the catalytic material 
comprises at least one catalyst component and at least one ion conducting material; (ii) a 
separator adjacent to and in substantial contact with the catalytic material and the first 
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surface of the cathode (i.e. the surface of the cathode having the catalytic material thereon) 
and comprising an ion conducting material; and (iii) an anode adjacent to and in substantial 
contact with the surface of the separator opposite the cathode and comprising an electrically 
conducting material having a catalytic material on at least a portion of the surface thereof 
adjacent to and in substantial contact with the separator, wherein the catalytic material 
comprises at least one catalyst component and at least one ion conducting material, and 
further wherein the separator permits water to pass from the first surface of the cathode to 
the surface of the anode in an amount sufficient to sustain hydration of the anode and the 
cathode produces sufficient water to sustain hydration of the anode. 

[22] A second embodiment of the present invention is directed to a self-hydrating 
membrane electrode assembly for fuel cells comprising: (i) a cathode comprising an 
electrically conducting material having a catalytic material on at least a portion of a first 
surface thereof, wherein the catalytic material comprises at least one catalyst component and 
at least one ion conducting material; (ii) a separator adjacent to and in substantial contact 
with the catalytic material and the first surface of the cathode (i.e. the surface of the cathode 
having the catalytic material thereon) and comprising an ion conducting material; and (iii) an 
anode adjacent to and in substantial contact with the surface of the separator opposite the 
cathode and comprising an electrically conducting material having a catalytic material on at 
least a portion of the surface thereof adjacent to and in substantial contact with the 
separator, wherein the catalytic material comprises at least one catalyst component and at 
least one ion conducting material, and fijrther wherein the separator permits water to pass 
from the first surface of the cathode to the surface of the anode in an amount sufficient to 
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sustain hydration of the anode and the cathode produces sufficient water to sustain 
hydration of the anode, and further wherein the catalytic material on the cathode and/ or the 
anode contains a modifying material, such as a polyalkylene or derivative thereof, that 
modifies at least one property thereof. 

[23] A third embodiment of the present invention is directed to a self-hydrating 
membrane electrode assembly for ftiel cells comprising: (i) a cathode comprising an 
electrically conducting material having a catalytic material on at least a portion of a first 
surface thereof, wherein the catalytic material comprises at least one catalyst component and 
at least one ion conducting material; (ii) a separator adjacent to and in substantial contact 
with the catalytic material and the first surface of the cathode (i.e. the surface of the cathode 
having the catalytic material thereon) and comprising an ion conducting material; and (iii) an 
anode adjacent to and in substantial contact with the surface of die separator opposite the 
cathode and comprising an electrically conducting material having a catalytic material on at 
least a portion of the surface thereof adjacent to and in substantial contact with the 
separator, wherein the catalytic material comprises at least one catalyst component and at 
least one ion conducting material, and further wherein the separator permits water to pass 
from the first surface of the cathode to the surface of the anode in an amount sufficient to 
sustain hydration of the anode and the cathode produces sufficient water to sustain 
hydration of the anode, and further wherein the separator has been subjected to a modifying 
process, such as hot acid treatment, that modifies at least one property thereof. 

[24] A fourth embodiment of the present invention is directed to a self-hydrating 
membrane electrode assembly for fuel cells comprising: (i) a cathode comprising an 
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electrically conducting material having a catalytic material on at least a portion of a first 
surface thereof, wherein the catalytic material comprises at least one catalyst component and 
at least one ion conducting material; (ii) a separator adjacent to and in substantial contact 
with the catalytic material and the first surface of the cathode (i.e. the surface of the cathode 
having the catalytic material thereon) and comprising an ion conducting material; (iii) an 
anode adjacent to and in substantial contact with the surface of the separator opposite the 
cathode and comprising an electrically conducting material having a catalytic material on at 
least a portion of the siarface thereof adjacent to and in substantial contact with the 
separator, wherein the catalytic material comprises at least one catalyst component and at 
least one ion conducting material; and (iv) a gasket or seal adjacent to and in substantial 
contact with the surface of the cathode and/or the anode which does not have catalytic 
material thereon and with the separator, and further wherein the separator permits water to 
pass from the first surface of the cathode to the surface of the anode in an amount sufficient 
to sustain hydration of the anode and the cathode produces sufficient water to sustain 
hydration of the anode. 

[25] A fifth embodiment of the present invention is directed to a self-hydrating 
membrane electrode assembly for fuel cells comprising: (i) a cathode comprising an 
electrically conducting material having a catalytic material on at least a portion of a first 
surface thereof, wherein the catalytic material comprises at least one catalyst component and 
at least one ion conducting material; (ii) a separator adjacent to and in substantial contact 
with the catalytic material and the first surface of the cathode (i.e. the surface of the cathode 
having the catalytic material thereon) and comprising an ion conducting material; (iii) an 
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anode adjacent to and in substantial contact with the surface of the separator opposite the 
cathode and comprising an electrically conducting material having a catalytic material on at 
least a portion of the surface thereof adjacent to and in substantial contact with the 
separator, wherein the catalytic material comprises at least one catalyst component and at 
least one ion conducting material; and (iv) a gasket or seal adjacent to and in substantial 
contact with the surface of the cathode and/ or the anode which does not have catalytic 
material thereon and with the separator, wherein the separator permits water to pass from 
the first surface of the cathode to the surface of the anode in an amount sufficient to sustain 
hydration of the anode and the cathode produces sufficient water to sustain hydration of the 
anode, and further wherein the separator has been subjected to a modifying process, such as 
hot acid treatment, that modifies at least one property thereof, and still further wherein the 
catalytic material on the cathode and/ or the anode contains a modifying material, such as a 
polyalkylene or derivative thereof, that modifies at least one property thereof. 

[26] Additional embodiments of the present invention include magnetically 
modified self-hydrating membrane electrode assemblies for fuel cells in which each of the 
above further contain magnetic particles and/or magnetizable particles in the catalytic 
material on the cathode and/ or the anode. 

[27] Additional advantages, objects and feature of the invention will be set forth in 
part in the description which follows and in part will become apparent to those having 
ordinary skill in the art upon examination of the following or may be learned from practice 
of the invention. The objects and advantages of the invention may be realized and attained 
as particularly pointed out in the appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[28] The invention wiD be described in detail with reference, at least in part, to the 

following drawings in which like reference numerals refer to like elements wherein: 

[29] Figures 1 and 2 are a schematic cross-section of a fuel cell having features of 

the present invention. 

[30] Figures 3-5 are current voltage and power curves for fuel cells having features 

of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[31] Unless otherwise stated, a reference to a compound or component includes 
the compound or component by itself, as well as in combination with other compounds or 
components, such as mixtures of compounds and/or components. 

[32] As used herein, the singular forms "a," "an," and "the" include the plural 
reference unless the context clearly dictates otherwise. 

[33] As used herein, the term "within the vicinity of the particle" is intended to 
mean sufficiendy close to the particle for it to exert its effect(s) on the reactant(s) and/or 
product(s) involved in the relevant chemical reaction. Such distances will therefore vary 
depending, for example, on the nature of the particle, including its composition and size, and 
the strength of the magnetic field, as well as the reactant(s) involved in the affected chemical 
reaction and the product(s) yielded. 
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[34] As used herein, the term "catalytic material" is intended to mean the 
substance(s) found on the surface of a cathode or anode in a fuel cell responsible for the 
chemical reaction(s) involved in the production of electrical power and the transfer of that 
power (e.g. in the form of subatomic particles such as electrons or protons) from the site of 
the chemical reaction(s). Thus, as used herein, a "catalytic material" contains at least one 
"catalyst component" (the substance or a component thereof that catalyzes the relevant 
chemical reaction(s) involved) and at least one ion conducting material. The "catalytic 
material" may also contain other components, such as a modifying material, which is not 
direcdy involved in the chemical reaction(s), or magnetic and/or magnetizable particles, 
which may or may not be direcdy involved in the chemical reaction(s). 

[35] As used herein, the term "modifying material" is intended to mean a material 
that affects at least one of the following properties of a substance: hydrophilicity, 
hydrophobicity, organophobicity, organophilicity, surface charge, dielectric constant, 
porosity, gas exclusion, gas permeability, deliquescence, wetting, density, electron 
conductivity and ionic conductivity. 

[36] A first preferred embodiment of the present invention is directed to a self- 
hydrating membrane electrode assembly for fuel cells comprising: 

[37] (i) a cathode comprising an electrically conducting material having a 
catalytic material on at least a portion of a first surface thereof, wherein the catalytic material 
comprises at least one catalyst component and at least one ion conducting material; 
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[38] (ii) a separator adjacent to and in substantial contact with the catalytic 
material and the first surface of the cathode (i.e. the surface of the cathode having the 
catalytic material thereon) and comprising an ion conducting material; and 

[39] (iii) an anode adjacent to and in substantial contact with the surface of the 
separator opposite the cathode and comprising an electrically conducting material having a 
catalytic material on at least a portion of the surface thereof adjacent to and in substantial 
contact with the separator, wherein the catalytic material comprises at least one catalyst 
component and at least one ion conducting material. 

[40] According to these embodiments of the present invention, the separator 
permits water to pass from the surface of the cathode to the surface of the anode. The 
amount of water that passes through the separator is sufficient to sustain hydration of the 
anode. 

[41] The inventive membrane electrode assembly is therefore completely self- 
hydrating, i.e. it does not require any external or supplemental humidification for operation. 

[42] Thus, according to the present invention, the cathode generates sufficient 
water to sustain hydration of the anode. The effective amount of catalyst component 
present in the catalytic material on the cathode may therefore vary from application to 
application depending upon factors such as the particular fuel employed and the particular 
composition of the catalytic material, including the particular catalyst component(s) present, 
as well as any other ingredients. Accordingly, suitable amounts of catalytic component(s) for 
the catalytic material on the cathode (and the anode) in a given membrane electrode 
assembly may be determined empirically by one skilled in the art By way of illustration, 
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when platinum is employed as the catalyst component, it may be present in the catalytic 
material in an amount as little as 0.1 mg/cm^ up to an amount well in excess of 1 mg/cm^. 

[43] Referring to FIGS. 1 and 2, a schematic cross-section is shown of a fuel cell 
containing a membrane electrode assembly having features of the present invention. A fuel 
cell as shown includes gaseous reactants as a fuel source (10) and an oxidizer source (12). 
These gaseous reactants diffuse through (optional) backing layers (14) and (16), respectively, 
to an anode (an oxidizing electrode) (18) and a cathode (a reducing electrode) (20). Anode 
connection (42) and cathode connection (44) are used to interconnect with an external 
circuit (not shown in figure) or with other fuel cell assemblies. 

[44] Anode (18) and cathode (20) each comprise an electrically conducting 
material. Illustrative examples of suitable conductive materials include, but are not limited 
to, the following: metals; carbon, such as graphite; semiconductors; semimetals; magnetic 
materials; and combinations of two or more thereof. Illustrative examples of suitable metals 
for use as the conductive material include transition metals, such as Ni, Fe, Zn or Cd, and 
precious metals, such as Ag, Au, Pt, Ir, Ru, Rh, Os, and Ir. Particularly preferred metals for 
use as the conductive material include platinum and composites of platinum, such as 
platinum-ruthenium composites. 

[45] Additionally, the conductive material may comprise a mixture of two or more 
metals, or a metal and a non-metal, such as a polymeric material. Other suitable conductive 
materials for use as the conductive material in the membrane electrode assemblies according 
to the present invention include a matrix, e.g., metal matrix, including magnetic particles or 
magnetic components. 
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[46] The conductive material may be continuous widi no openings therein, such as 
a rod, foil or sheet, or may be configured to have openings therein, such as a mesh or screen. 
The conductive material can have any geometrical shape suitable for a predetermined use. 
Non-limiting examples of such geometries include rods (hollow or solid), circles, squares, 
triangles, rectangles, and the like. 

[47] According to the various embodiments of the present invention, the anode 
(18) and cathode (20) each have a catalytic material on at least a portion of the surface 
thereof. The catalytic material on the anode may be the same as the catalytic material on the 
cathode, or it may be different. According to certain preferred embodiments, the anode (18) 
and cathode (20) each have a thin layer of said catalytic material (36) and (38), respectively, 
covering substantially the entire surface thereof adjacent to the separator. Again, each layer 
may comprise the same catalytic material(s) or different catalytic materials. 

[48] Each catalytic material layer contains an effective amount of at least one 
catalyst component. Various catalyst components are suitable for use in the catalytic 
material. These catalyst components include, but are not limited to, iridium, platinum, 
palladium, gold, silver, copper, nickel, iron, osmiiam, ruthenium, cobalt, and various alloys of 
these materials, as well as combinations of these materials and/or alloys thereof. Other 
suitable catalyst components include, but are not limited to, suitable non-metals, such as 
electronically conducting mixed oxides with, for example, a spinel or perovskite structure. 
According to a particularly preferred specific embodiment, the catalytic material (36) on the 
anode (18) comprises platinum, and the catalytic material (38) on the cathode (20) 
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comprises either platinum or another oxygen-reducing catalyst (for example, a macrocyclic 
chelate compound). 

[49] The amount of catalyst component(s) present in the catalytic material will vary 
depending upon the particular catalyst component(s) selected, the gaseous reactants involved 
and the like. Suitable amounts of catalyst component for a particular membrane electrode 
assembly may therefore be determined empirically by one skilled in the art. By way of 
illustration and not of limitation, if, for example, the catalyst component on the cathode 
and/or anode is platinum, then it may preferably be present in any amount from 0.1 mg/cm^ 
up to 1 mg/cm^ or even several mg/cm^ and more preferably in an amount of about 0.1 
mg/ cm^ to about 0.5 mg/ cm^, such as about 0.3 mg/ cm^ to about 0.4 mg/ cm^. 

[50] In addition to the catalyst component or components, the catalytic material 
may also further comprise at least one ion conducting material. Suitable ion conducting 
materials are known and available to those skilled in the art. Illustrative examples of such 
ion conducting materials include, but are not limited to, polymers generally useful in polymer 
electrolyte membranes. Particularly preferred ion conducting materials include 
perfluoroinated sulfonic acid polymers, such as the material known under the trademark 
Nation and available from E.I. DuPont de Nemours or Ion Power, Inc. A most preferred 
ion conducting material for use in various embodiments of the present invention is Nation 
1100. According to certain very preferred embodiments, the ion conducting material in the 
catalytic material on the cathode and the anode is the same as the ion conducting material of 
the separator. 
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[51] The amount of ion conducting material present in the catalytic material will 
vaty depending upon the particular ion conducting material employed, the other 
components of the membrane electrode assembly, the gaseous reactants involved and the 
like. Suitable amounts of ion conducting material for a particular membrane electrode 
assembly may therefore be determined empirically by one skilled in the art By way of 
illustration and not of limitation, if, for example, the ion conducting material in the catalytic 
material on the cathode and/or anode is Nation, then it may be present in an amount of 
about 5-35 dry wt% of the (dry) catalyst material layer, preferably about 30 dry wt%. 

[52] The catalytic material may also further comprise at least one modifying 
material in addition to the catalyst component(s) and, if present, the ion conducting material. 
The modifying material affects at least one chemical or physical property of the catalytic 
material, including, but not limited to, the following: hydrophilicity, hydrophobicity, 
organophilicity, organophobicity, surface charge, dielectric constant, porosity, gas exclusion, 
gas permeability, deliquescence, wetting, density, electron conductivity and ionic 
conductivity. 

[53] Suitable modifying materials are known and available to those skilled in the 
art. Illustrative examples of suitable modifying materials include, but are not limited to, 
polyalkylenes and derivatives thereof, such as partially or fully fluorinated polyalkylenes (e.g. 
Teflon). A particularly preferred polyalkylene for use in certain embodiments of the present 
invention, such as membrane electrode assemblies that employ perfluoroinated sulfonic acid 
polymers (e.g. Nafion) as the ion conducting material, is polyethylene. 
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[54] According to other preferred embodiments of the present invention, the 
modifying material may be a hydrophilic material, such as polyhydroxymethylmethacrylate or 
polyhydroxyethylmethacrylate, that improves the interfacial hiamidification of the membrane 
electrode assembly. 

[55] The amount of modifying material present in the catalytic material will vary 
depending upon the particular components of the membrane electrode assembly, the 
gaseous reactants involved and the like. Suitable amounts of modifying material for a 
particular membrane electrode assembly may therefore be determined empirically by one 
skilled in the art. 

[56] The catalytic niaterial may also further comprise a plurality of magnetic 
particles and/ or magnetizable particles. 

[57] In those embodiments of the present invention in which magnetic particles 
are present, the particles each possess a magnetic field of sufficient strength to alter the rate 
of and/or distribution of products resulting from a chemical reaction involving the particle 
or occurring within the vicinity of the particle. Such a chemical reaction may involve mass 
transport, transfer of subatomic particles (e.g. electrons and protons) and/or flux of a solute. 

[58] In those embodiments of the present invention in which magnetizable 

particles are present, the particles have been exposed to a magnetic field of sufficient 

strength for a sufficient time to align the magnetic moments of at least a portion of the 

atoms (preferably a majority and even more preferably a substantial majority) within at least 

a portion of the particles (and preferably a majority and even more preferably a substantial 

majority thereof). According to these embodiments of the present invention, the portion of 

atoms aligned within a given particle is sufficient to alter the rate of and/or distribution of 
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products resulting from a chemical reaction involving die particle or occurring within the 
vicinity of the particle. Preferably, the alignment of atoms is maintained upon removal of 
the magnetic field, but this is not required (for example, in the case of superparamagnetic 
materials). Such a chemical reaction may involve mass transport, transfer of subatomic 
particles (e.g. electrons and protons) and/ or flux of a solute. 

[59] The magnetizable particles may be subjected to a magnetic field before, 
during, and/ or after incorporation into the inventive membrane electrode assemblies. The 
magnetic field may be applied, for instance, by use of a permanent magnet or an 
electromagnet. For instance, a magnet may be brought near or in contact with the particles 
or immersed into a container holding the particles. Preferably, the magnetic field strength is 
slightiy stronger than the saturation magnetization of the particles, although weaker fields 
can also be employed. Illustrative examples of suitable field strengths for Fe304 or Fe203 
particles are in the range of about 0.05 to about 2.0 T, preferably about 0.1 to about 1.0 T, 
and more preferably about 0.2 to about 0.5 T. 

[60] Examples of suitable materials for use as particles in the membrane electrode 
assemblies of the present invention include, but are not limited to, the following: permanent 
magnetic materials, paramagnetic materials, superparamagnetic materials, ferromagnetic 
materials, ferrimagnetic materials, superconducting materials, anti- ferromagnetic materials, 
mu metals, and combinations thereof 

[61] According to certain embodiments of the present invention, the particles may 
comprise a permanent magnetic material. Suitable permanent magnetic materials are known 
and available to those skilled in the art. Illustrative examples of suitable permanent magnetic 
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materials include, but are not limited to, samarium cobalt, neodynium-iron-boron, 
aluminum-nickel-cobalt, iron, iron oxide, cobalt, misch metal, ceramic magnets comprising 
barium ferrite and/or strontium ferrite, and mixtures thereof. 

[62] According to other embodiments of the present invention, the particles may 
comprise a paramagnetic material. Suitable paramagnetic materials are known and available 
to those skilled in the art. Illustrative examples of suitable paramagnetic materials include, 
but are not limited to, aluminum, stainless steel, gadolinium, chromium, nickel, copper, iron, 
manganese, and mixtures thereof 

[63] According to still other embodiments of the present invention, the particles 
may comprise a superparamagnetic material Suitable superparamagnetic materials are 
known and available to those skilled in the art. 

[64] According to still other embodiments of the present invention, the particles 
may comprise a ferromagnetic material. Suitable ferromagnetic materials are known and 
available to those skilled in the art Illustrative examples of suitable ferromagnetic materials 
include, but are not limited to, Ni-Fe alloys, iron, and combinations thereof 

[65] According to still other embodiments of the present invention, the particles 
may comprise a ferrimagnetic material. Suitable ferrimagnetic materials are known and 
available to those skilled in the art. Illustrative examples of suitable ferrimagnetic materials 
include, but are not limited to, rare earth transition metals, ferrite, gadolinium, terbium, and 
dysprosium with at least one of Fe and Co, and combinations thereof 

[66] According to still other embodiments of the present invention, the particles 
may comprise a superconducting material Suitable superconducting materials are known 
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and available to those skilled in the art. Illustrative examples of suitable superconducting 
materials include, but are not limited to, niobium titanium, yttrium barium copper oxide, 
thallium barium calcium copper oxide, bismuth strontium calcium copper oxide, and 
combinations thereof. 

[67] According to still other embodiments of the present invention, the particles 
comprise an anti-ferromagnetic material. Suitable anti- ferromagnetic materials are known 
and available to those skilled in the art. Illustrative examples of suitable anti-ferromagnetic 
materials include, but are not limited to, FeMn, IrMn, PtMn, PtPdMn, RuRhMn, and 
combinations thereof. 

[68] Other suitable particles which may be used in the membrane electrode 
assemblies according to the present invention include AB5 alloys, such as 
Lao.9Smo.iNi2.oCo3.o, and AB2 alloys, such as Tio.5iZro.49Va7oNii.i8Crai2 or 
MmNi3.2Coi.oMno.6Alo.2, where Mm is misch metal (25 wt% La, 50 wt% Ce, 7 wt% Pr, and 
18 wt% Nd). Such materials can be used alone or in combination. Thus, the catalytic 
material may include stoichiometric particles, such as Sm2Co7 or Fe304, or non- 
stoichiometric particles, such as Lao.gSmo.iNizoCos.o, or a combination thereof. 

[69] In addition to or in place of the above materials, the particles may comprise a 
ceramic magnet. Examples of suitable ceramic magnets include, but are not limited to, those 
made of barium ferrite and/or strontium ferrite. 

[70] The amount of magnetic particles and/or magnetizable particles may vary 
depending upon the particular material present in the particles, the strength of the magnetic 
field, the other components of the catalytic material and the like. Suitable amounts of 
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magnetic particles and/or magnetizable particles may therefore be determined empirically by 
one skilled in the art. By way of illustration, magnetic particles and/ or magnetizable particles 
(exclusive of any coatings) may be present in the catalytic material in an amount 0.1 mg/cm^ 
up to 1.0 mg/cm2, and more preferably in an amount of about 0.1 mg/cm^ to about 0.4 
mg/cm^, such as about 0.1 mg/cm^ to about 0.2 mg/cm^. 

[71] According to certain preferred embodiments of the present invention, at least 
a portion of the particles present in the catalytic material are coated with one or more 
coating layers. For instance, each of the particles may have one coating layer or a plurality of 
coating layers on at least a portion of their surface. According to such particularly preferred 
embodiments, the particles have a coating of an inert material and a coating of a modifying 
material. 

[72] When the magnetic particles and/or magnetizable particles are coated with a 
modifying material, then the particles may be present in the catalytic material in an amount 
0.1 mg/cm^ up to 1 mg/cm^, and more preferably in an amount of about 0.1 mg/cm^ to 
about 0.8 mg/cm^, such as about 0.3 mg/cm^ to about 0.4 mg/cm^. 

[73] Suitable inert materials for coating the particles include any materials that do 
not adversely interact with the environment in which the particles are used. Such coatings 
can be used, for instance, to protect the particles from the corrosive effects of solvents. 
Thus, coatings of suitable inert materials render the particle(s) chemically inert and/or 
mechanically stable. Suitable inert materials are known and available to those skilled in the 
art. 
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[74] Preferably, the inert material used to coat the particles is a silane or silicon 
dioxide. Particularly preferred such coatings include, but are not limited to, trialkoxysilanes, 
such as 3-aminopropyltrimethoxysilane, By way of illustration and not limitation, if the 
particles are Fe304, the coating is preferably a silane or silicon dioxide coating prepared via 
ethanol reduction of tetraethylorthosilicate. Suitable coated particles can be made as 
disclosed in WO 01/99127, the disclosure of which is herein incorporated by reference in its 
entirety. 

[75] In addition to the inert material, the particles may also have a coating of a 
modifying material. The modifying material affects at least one chemical or physical 
property of the particle, including, but not limited to, the following: hydrophilicity, 
hydrophobicity, organophilicity, organophobicity, surface charge, dielectric constant, 
porosity, gas exclusion, gas permeability, deliquescence, wetting, density, electron 
conductivity and ionic conductivity. 

[76] Suitable modifying materials are known and available to those skilled in the 
art. Particularly preferred modifying materials are those that improve the water 
concentration about the particle(s) and any nearby catalyst component(s) and/ or local ionic 
conductivity. Illustrative examples of suitable modifying materials include, but are not 
limited to, homopolymers formed from the following monomers: styrene, styrene 
derivatives, 2-hydroxyethyl acrylate, 2-hydroxyethyl methacrylate, iso-decyl methacrylate, 
methyl methacrylate, methyl acrylate, vinyl acetate, ethylene glycol, ethylene, 1,3-dienes, vinyl 
halides, and vinyl esters. 
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[77] Further illustrative examples of suitable modifying materials include, but are 
not limited to, copolymers formed from at least one Monomer A and at least one Monomer 
B. Examples of Monomer A include, but are not limited to, styrene, methyl acrylate, iso- 
decyl methacrylate, 2-hydroxyethyl acrylate, and 2-hydroxyethyl methacrylate. Examples of 
Monomer B include, but are not limited to, 4-styrenesulfonic acid and ethylene glycol 
dimethacrylate. 

[78] While the size of the particles is not particularly limited, in certain 
embodiments, the particles preferably have sizes ranging from about 0.1 microns to about 15 
microns, such as about 0.1 to about 10 microns, about 0.5 to about 10 microns, about 2 
microns to about 8 microns, or about 3 microns to about 6 microns. 

[79] The separator (30) separates the anode (18) from the cathode (20). The 
separator is preferably a polymer electrolyte membrane. Preferably, a fluorine-containing 
solid polymer is employed as the polymer electrolyte membrane. 

[80] According to one particularly preferred embodiment of the present invention, 
one or more perfluorinated sulfonic acid polymers, such as the material known under the 
trademark Nafion and available from E.L DuPont de Nemours or Ion Power, Inc., is used 
as the separator (30). The use of Nafion as a solid polymer electrolyte membrane is more 
particularly described in U.S. Pat. No. 4,469,579, the disclosure of which is incorporated 
herein by reference. 

[81] Nonetheless, any polymer that could be used as an electrolyte membrane in a 
solid polymer fuel cell, such as the perfluorocarbon polymers made by Dow Chemicals 
Company, is equally suitable as the separator (30). Indeed, any fluoropolymer that is known 
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to be useful as an electrolyte membrane in a fuel cell may be employed as the separator (30) 
in the inventive membrane electrode assemblies. Moreover, the polymer employed as the 
separator (30) may be the same as or different from the ion conducting material(s) in the 
catalytic material layer. 

[82] The separator should be of sufficient thickness to limit reactant crossovers 
through the anode and the cathode. By way of example and not limitation, in one preferred 
embodiment the present invention, the separator (30) is a Nafion membrane, such as Nation 
1100, having a suitable thickness. 

[83] According to preferred embodiments of the present invention, the separator 
generally has a maximum thickness of less than 20 mils. Preferably, the separator has a 
maximum thickness of less than or equal to about 10 mils, more preferably less than about 7 
mils, even more preferably less than about 5 mils and most preferably less than about 2 mils. 
According to still other preferred embodiments of the present invention, the separator has a 
maximum thickness between about 1 mil and about 7 mils. Moreover, the separator (30) 
may also be composed of a plurality of very thin layers, e.g. less than one micron (1 |im) in 
thickness, each of which may be the same or different. 

[84] According to preferred embodiments of the present invention, the separator is 
subjected to at least one modifying process prior to inclusion in the inventive membrane 
electrode assemblies. Such a modifying process may affect at least one chemical or physical 
property of the particle, including, but not limited to, the following: hydrophilicity, 
hydrophobicity, organophilicity, organophobicity, surface charge, dielectric constant, 
porosity, gas exclusion, gas permeability, deliquescence, wetting, density, electron 
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conductivity and ionic conductivity. Preferably, the modifying process (es) enhance 
hydration of the separator and/or reduce the maximum thickness of the separator. Suitable 
modifying processes are known to those skilled in the art. 

[85] By way of illustration, when a Nafion polymer electrolyte membrane (such as 
those available from Ion Power, Inc.) is employed as the separator, a particularly preferred 
modifying process involves contacting the membrane with an acidic solution at elevated 
temperature for a sufficient period of time. For example, a 50 micron thick membrane 
composed of Nafion 1100 is preferably contacted with a 50% aqueous solution of sulfuric 
acid at 90°C for two hours prior to incorporation into a membrane electrode assembly of the 
present invention. 

[86] Suitable fuel sources (10) that may be used in conjunction with membrane 
electrode assemblies made in accordance with the invention in order to produce electrical 
energy are hydrogen-containing materials (for example, water, methane, and methanol). 
According to some embodiments, the fuels are supplied to the assemblies in liquid form, 
while according to alternative embodiments, fuels are suppUed in gaseous form. According 
to still further embodiments, hydrogen is obtained from reversible metal hydride formers, 
(for example, LaNis, FeTi and MmNi4.15Feo.85, where Mm is a mischmetal, among others). 

[87] Furthermore, many suitable oxidizer sources (12) or oxidizer species are 
available for combining with the fuel to provide a mixture suitable for powering the fuel cell 
assemblies described herein. In practice, the most common oxidizer is gaseous oxygen or air. 

[88] Preferred embodiments of the present invention also include a gasket or seal 
adjacent to and in substantial contact with the separator and the portion of the surface of the 
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cathode and/or the anode that does not have the catalytic material thereon. The gasket or 
seal may contact the edge of the catalytic material, but preferably there is a small separation 
between the gasket or seal and the edge of the catalytic material. According to certain 
preferred embodiments of the present invention, the ratio of the outer periphery of the 
gasket or seal to the inner periphery thereof to an edge of the catalytic material is about 
3:about 2:about 1. 

[89] The purpose of the gasket or seal is to help contain the reactants in the 
vicinity around the electrodes and to provide a reservoir of water or humidified air for 
hydration of the anode. Any material that can effectively attach to the cathode/anode and 
separator and act as a barrier without degassing or compressing would be suitable. 
Examples of suitable materials for use as the gasket or seal include, but are not limited to, 
polymers such as fluoroelastomers, partially or fully fluorinated polyalkanes and natural and 
synthetic rubbers. 

[90] The gasket or seal may be of any suitable thickness, i.e. any thickness that 
provides the desired result Accordingly, the gasket or seal is not so thick that electrical 
contact is lost between the cathode and/or the anode and the electrical connection. 

[91] According to certain embodiments of the invention, there is a gasket or seal 
between the separator and the cathode and a gasket or seal about the separator and the 
anode. According to other embodiments of the invention, there is a gasket or seal only 
about the separator and the cathode. According to still other embodiments of the invention, 
there is a gasket or seal only about the separator and the anode. 
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[92] A suitable membrane electrode assembly having the features of the present 
invention may be prepared according to any of the methods and techniques known to those 
skilled in the art. For example, a suitable membrane electrode assembly may be prepared by 
putting the components shown in FIG. 1 together and pressing under appropriate 
conditions, such as under a pressure of about 400 lbs/in^ at a temperature of about 130°C, 
for a suitable period of time, such as about 3 minutes. The temperature and pressure 
conditions selected should ensure that the two electrodes (18) and (20) are in good contact 
with the separator (30) and precise conditions may be determined empirically by one skilled 
in the art. 

[93] The practice of the invention requires no additional humidification of the 
electrolyte or the reactants. Therefore, the water generated by the fuel cell reaction is not 
carried away from the electrolyte by a high flow of reactants through the fuel cell or through 
operation of the cell at high temperature. The preferable conditions for fuel cell operation 
are thus near stoichiometric flow of the reactants and substantially ambient temperature of 
the fuel cell. 

EXAMPLE 

A. Electrode Preparation 

[94] Catalytic ink formulation and production - Due to the coating of the catalytic 
ink on the inside of the mixing container, an excess of 10 fold for one electrode was 
prepared in order to ensure a proper mix and that there was an adequate supply of ink to 
coat both the anode and the cathode electrodes gas diffusion layer (GDL). The formulation 
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of enough ink to coat 50 cm^ of electrodes and with a Pt and magnetic loading of 0.4 
mg/cm2 follows: (1) 0.100 g Alfa Aesar 20% Pt on carbon support; (2) 1.200 g of Liquion- 
1100 (5 wt% Nafion 1100 EW solution); (3) 1.100 g of de-ionized water; and (4) 0.040 of 
polymer coated magnetic particles. 

[95] To aid in the mixing of the catalytic ink, two 10 mm and one 5 mm aluminum 
oxide spheres were added to the formulation. The container used to mix the ink was a 30 ml 
Nalgene high density polyethylene bottle with a screw top lid that was sealed with Parafilm 
prior to mixing. The ink was mixed using a 3/8'' variable speed drill with input power 
controlled by a variable alternating current resistor. The mixing container was attached 
substantially parallel to the axis of the chuck of the drill (preferably at a slighdy offset angle) 
using a buret clamp. One end of the clamp was inserted into to chuck of the drill and the 
other end was clamped to the top of the bottie where the length of the bottle was 
substantially (but not exactiy) parallel to the shaft of the buret clamp. The mix was rotated 
at 80% full power, 2000 rpm, for 30 sec. behind a Plexiglas safety shield. 

[96] Catalytic ink painting - Two double-sided ELAT carbon cloth (E-Tek) 
electrodes were cut so that the resulting electrode was substantially square with an area of 
about 5 cm2 1/10 of the ink formulation prepared above was then applied to the electrode 
in two steps. First, a thin layer of ink was painted onto the electrode surface using a short 
bristie brush. Second, the remainder of the ink was pipetted onto the electrode surface 
having the thin layer of painted ink, and the electrode tilted repeatedly until the ink 
substantially uniformly covered the electrode surface. The electrodes were allowed to dry in 
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a fume hood until visibly dry, followed by final drying under vacuxim (40 mTorr) for about 
two hours at ambient temperature. 

B. Membrane Preparation 

[97] The polymer electrolyte membrane used was a Nafion 1100 EW membrane 
about 50 microns thick before treatment and manufactured by Ion Power, Inc. The 
membrane was cut into 3" x 3" squares and then subjected to the following process: (1) 30 
min. in 500 ml of 5% H2O2 at 100 °C; (2) 60 min in 500 ml of O.IM HNO3 at 90°C; (3) 
dipped into a boiling de-ionized water rinse; (4) 120 min in 500 ml of 50% H2SO4/H2O at 
90°C; and (5) 30 min boiling de-ionized water rinse. 

[98] The membranes were stored in de-ionized water in a glass container covered 
with Al foil until lamination. 

C. Lamination 

[99] The lamination of the MEA was a hot-press of the following stack (top to 
bottom): (1) Furon, 5'' x 5" x 0.015"; (2) Teflon, 45 mm x 45 mm x 0.062"; (3) Kapton, 5" x 
5" X 0.002"; (4) electrode, catalytic material layer face down; (5) Nafion membrane; (6) 
electrode, catalytic material layer face up; (7) Kapton, 5" x 5" x 0.002"; (8) Teflon, 45 mm x 
45 mm X 0.062"; and Furon, 5" x 5" x 0.015". 

[100] The above stack was placed between two temperature-controlled platens of a 
hydraulic press (15 ton Carver with thermostatically controlled platens). The platens were 
brought together until the pressure started to increase and the temperature of both platens 
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was set to 128°C. With this press, the temperature ramp takes about 20 min. When the 
platens reached the desired temperature, the pressure was increased to 0.25 metric tons and 
held there for three minutes. The pressure was then decreased to that equal to the pressure 
are the start of the temperature ramp, and the temperature is reduced to 25°C. The Furon, 
Teflon and Kapton layers were then removed using de-ionized water from a squirt bottle. 

D. Magnetic Particles 

[101] While the self-hydrating MEAs of the present invention function without 
magnetic modification, the power output of the cells increases at low temperatures (25°C 
and 37**C) with magnetic modification. Two types of Fe304 microparticles were employed, 
each type having two coatings: an inner inert coating of a silane or silicon dioxide and an 
outer modifying coating of either polystyrene-poly(4-styrene sulfonic acid) copolymer or 
poly (2-hydroxy ethyl acrylate). 

[102] The modifying coating was added to silane or silicon dioxide coated particles 
(prepared via an ethanol reduction of tetraethyl orthosilicate) by the following procedure: 

[103] (1) The following solution was added to a 500 ml, 24-40, 3-neck flask in a 
constant temperature bath: (a) 150 ml ethanol; (b) 62.5 ml 2-methoxyethanol; and (c) 3.75 g 
(1.5% w/v of total solution) polyvinylpyrrolidone with MW of 10,000. 

[104] (2) 1.5 g of Si02 coated magnetic particles (2-5 microns in diameter) were 

added. 
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[105] (3) The solution was stirred vigorously using an overhead stirrer (Teflon stir 
blade, 10 mm glass rod, glass bearing ad a variable speed drill controlled by a variable AC 
resistor). 

[106] (4) The solution temperature was increased to 73®C and allowed to equilibrate 
for one hour. 

[107] (5) A solution of monomer and initiator was then added: (a) 1.5 g (0.6% w/v 
of total solution volume) benzoyl peroxide; (b) 35.0 g (16% w/v of total soution volume) 
styrene; and (c) 0.75 g of (4-styrene sulfonic acid) sodium salt, or (a) 2.143 g tert-butyl 
hydroperoxide solution (70 wt% in water); and (b) 30.0 g of 2-hydroxyethyl acrylate. 

[108] (6) The suspension was stirred at 73°C for 24 hours. 

[109] (7) The polymer reaction was quenched by reducing the temperature to 5°C 
for 1 hour. 

[110] (8) The particles were separated and washed with ethanol and then distilled 
water, and then dried at 80°C. 

[Ill] The particles can be subjected to a magnetic field at any time before, during 
and/or after the above processing. 

E. Fuel Cell Performance 

[112] The following is a summary of the performance of self-hydrating MEAs of the 
present invention, both magnetically modified and nonmagnetic. All cells were tested at 1 
atmosphere. For these cells, performance at 0.5 V was not diminished from that observed 
with external humidification (i.e. water present in the cell other than that produced at the 
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cathode, such as water added to the gas feed). In fact, these cells sometimes perfomied 
better when external humidification was terminated. With or without external 
humidification, the performance of the cells was quite good and very stable. Both 
magnetically modified and nonmagnetic cells produced according to the present invention 
performed well, but magnetically modified cells were more robust and tended to recover 
more quickly when run in higher voltage ranges where water generated at the cathode may 
not be sufficient to maintain the humidification of the cell. Further, once normalized for Pt 
content, magnetically modified cells provided substantially higher output than the 
nonmagnetic cells. 

[113] A nonmagnetic cell was formed with 0.365 mg/cm^ of Pt on the anode and 
0.354 mg/cm2 on the cathode. The cell was equilibrated at 70°C with external 
humidification at 0.5 V, where, once equilibrated, the cell generated 1.35 A/cm^ using 
H2/ O2. External humidification was terminated and the system re-equilibrated; the cell then 
generated 0.882 A /cm? at 0.5 V. The power output was very stable. Current voltage and 
power curves for the nonmagnetic cell were then recorded at 70^C and 25°C as shown in 
Figures 3A and 3B. For each temperature, the cell was equilibrated without external 
humidification before the curves were recorded. As anticipated, the power decreased with 
temperature, but the cells were able to generate reasonably high power without external 
humidification. The cells were run without external humidification for 5 days with only 
minor diminution (< 3%) in power. 

[114] The magnetically modified cell was formed with 0.450 mg/cm^ of Pt and 
0.523 mg/cm2 of magnetic microparticles (Fe304 particles coated with 2% poly(4-styrene 
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sulfonic acid)-polystyrene copolymer) on the anode and 0.430 mg/cm^ of Pt and 0.501 
mg/cm^ of magnetic microparticles on the cathode (this corresponds to 18% more Pt than 
on the nonmagnetic cell). The cell was equilibrated at 70°C with external humidification at 
0.5 V, where, once equilibrated, the cell generated 1.554 A/cm^ using H2/O2. External 
humidification was terminated and the system re-equiHbrated; the cell then generated 1.112 
A/cm2 at 0.5 V. The power output was very stable. Current voltage and power curves for 
the magnetically modified cell were then recorded at 70°C and 25°C as shown in Figures 4A 
and 4B. For each temperature, the cell was equilibrated without external humidification 
before the curves were recorded. As anticipated, the power decreased with temperature, but 
the cells were able to generate reasonably high power without external humidification. The 
cells were run without external humidification for 4 days with minor diminution (<10%) in 
power. 

[115] The magnetically modified cell was also run using air as the oxidant source 
and the results are shown in Figures 5A and 5B. 

[116] Comparing the nonmagnetic cells to the magnetically modified cells, once the 
results have been normalized for Pt loading, the magnetically modified cells perform better 
at voltages below 0.6V and at maximum power. At the maximum power, the magnetically 
modified cells provided 46% and 62% higher power at TO^'C and 25°C, respectively, than 
nonmagnetic cells. 

[117] Having now fully described this invention, it will be understood to those of 
ordinary skill in the art that the methods of the present invention can be carried out with a 
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wide and equivalent range of conditions, formulations, and other parameters without 
departing from the scope of the invention or any embodiments thereof. 

[118] All patents and publications cited herein are hereby fully incorporated by 
reference in their entirety. The citation of any publication is for its disclosure prior to the 
filing date and should not be constmed as an admission that such publication is prior art or 
that the present invention is not entitied to antedate such publication by virtue of prior 
invention. 
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